example between residues 49-50 liberating the APP intracellular domain (AICD) , between residues 42-43 or 40-41 generating A␤42 or A␤40, respectively [5, 6] . A␤42 is the most amyloidogenic and toxic variant and it is involved in AD pathogenesis [7] . There are examples of so-called ␥-secretase modulators (GSMs), which decrease the A␤42/A␤40 ratio without any significant effects on Notch cleavage [8] . Some GSMs have been subjected to clinical trials but, although well tolerated, their efficacy is debated.
How ␥-secretase processing is regulated and how the substrates are selected is a matter of intense research. The composition of the complex (e.g. whether PS1 or PS2 is present) could affect substrate selectivity and cleavage sites [9] . Moreover, there are examples of ␥-secretase associated proteins (GSAPs), for instance TMP21, which regulates A␤-production without any major effects on either AICD or Notch signalling [10] . The search for GSAPs is complicated since there is a delicate balance between conditions that preserve an active ␥-secretase and its interaction with GSAPs, but are harsh enough to dissolve the membranes where ␥-secretase is localized.
In
the present study, we designed a compound composed of a ␥-secretase inhibitor coupled to biotin via a cleavable linker (GCB). We show that GCB has a high affinity for ␥-secretase and can be used for efficient pulldown of ␥-secretase using streptavidin (SA) beads. Importantly, ␥-secretase can be eluted by cleavage of the linker by reducing agents, thereby avoiding the elution of proteins non-specifically bound to the beads. All the known ␥-secretase components could be identified by liquid chromatography coupled online to tandem mass spectrometry (LC-MS/MS), as well as the previously reported GSAP TMP21
, and the PS associated syntaxin1 [11] was found to be associated with ␥-secretase in rat brain. Finally, we prepared and analysed membranes from human brain, and identified over 50 proteins potentially associated with ␥-secretase. We conclude that the present approach is useful for further studies on ␥-secretase and associated proteins.
Material and methods

Antibodies
The following antibodies were used for immunoblotting: PS1 
Synthesis of biotinylated inhibitor (GCB)
The synthesis of the methyl ester of the L-685,458 acid derivative was described previously [12] . 
␥-Secretase activity assay
Blastocyst-derived ES-cells deficient in PS1 and PS2, stably expressing PS1, BD8-PS1 cells, were cultured as previously described [13] [14] . A second round of searches with unvalidated peptide spectra was performed against the set of proteins in this result file allowing a non-specific C-terminal or a nonspecific N-terminal.
Results
Characterization of the compound
The molecule was designed for efficient pulldown of ␥-secretase. Fig. 1A) 
We coupled the commonly used inhibitor L-685,458 via a long hydrophilic linker to a cleavable biotin group (GCB) (
Pulldown of ␥-secretase from microsomal membrane preparations from rat brain
A membrane fraction enriched in ␥-secretase was prepared as previously described [15] . Briefly, one rat brain was homogenized in buffer A, and subjected to centrifugation at 1000 g to remove nuclei and debris. The supernatant was centrifuged at 10,000 g in order to remove mitochondria, the resulting supernatant was centrifuged at 100,000 g for 1 hr and the pellet (P3) was collected. P3 was treated with 1% CHAPSO for 1 hr, centrifuged and the supernatant (soluble ␥-secretase) was collected and used for the pulldown experiments.
In order to get a high recovery and maintain a low background, we investigated by Western blotting the recovery of the known ␥-secretase components at different concentrations of GCB ( Fig. 2A  and B (Fig. 2C and D) . However, the SS-linker made it possible to use mild elution conditions in the presence of a reducing agent (DTT). In this case, the background was clearly reduced (compare lanes 2 and 3 with lanes 4 and 5 in Fig. 2C) while there was only a slight reduction in recovery of the ␥-secretase components (Fig. 2D) . Irrespective of elution conditions, the recovery of the ␥-secretase components was inhibited in presence of 10 M L-685,458. Since we wanted to use mild and rapid washing conditions, we investigated the effect of repeated washing on the recovery of ␥-secretase. The background was slightly decreased upon repeated washes, while no significant reduction in recovery was observed (Fig. 2E) . We chose to wash the beads three times in the following experiments. Fig. 3A . Fig. 3B , and the spectra of these peptides are shown in Fig. 3C . Fig. 4A and B) . The competition of these proteins was validated by Western blotting (Fig. 4C and D) . Hence, we suggest that these proteins can interact with ␥-secretase in rat brain. (Fig. 5) . These proteins are presently evaluated with respect to association and their effect on A␤40 and A␤42 production. 
Liquid chromatography-mass spectrometry analysis
Identification of ␥-secretase components in rat brain
Soluble ␥-secretase was prepared as described above from 20 rat brains and subjected to GCB-pulldown in the absence or in the presence of 10 M L-685,458 (50-fold excess). The samples were eluted, digested, and injected into the LC-MS/MS system. The MS/MS spectra were subjected to protein database search using the Mascot software. In the non-competed sample, PS and nicastrin were readily identified with high scores, 315 and 131, respectively (significant score ϭ 40). In line with Western blotting data, these proteins were not identified in the competed sample. The selected ion chromatograms for one of the identified peptides from PS (AAVQELSGSILTSEDPEER) and from nicastrin (LVQSQALPPSS-LQR) are presented in
TMP21 and syntaxin1 are associated with ␥-secretase in rat brain
In the samples analysed above, TMP21 and syntaxin1 were identified with high scores (TMP21 ϭ 416 and syntaxin1 ϭ 119), clearly above the significance level of 40. The selected ion chromatograms corresponding to the identified peptides showed competition by L-685,458 (
Several different proteins could be associated with ␥-secretase in rat brain
In total, 91 proteins were uniquely identified in the sample without competing inhibitor. Most of these were integral membrane proteins (49%) or membrane associated proteins (29%) according to the annotation in UniProtKB/SwissProt database
Fig. 2 ␥-Secretase complex components were specifically captured by GCB pulldown from rat brain and eluted by reducing conditions. (A) Solubilized ␥-secretase prepared from rat brain material was incubated with increasing concentrations of GCB and isolated with SA beads. The captured ␥-secretase complex was eluted by SDS sample buffer and subject to Western blotting for the indicated ␥-secretase subunit. (B) The recovery of nicastrin, PS1-NTF and PS2-CTF was estimated by quantifying the density of the respective bands and the input (10% of the total sample) by a CCD camera and appropriate software. (C) Solubilized ␥-secretase prepared from rat brain material was incubated with 200 nM GCB in the presence (ϩ) or the absence (Ϫ) of 10 M L-685,458 and isolated with SA beads. The captured ␥-secretase complex was eluted with SDS sample buffer or 100 mM DTT supplement with 0.5% CHAPSO. Eluted samples were separated by SDS-PAGE and transferred to PVDF membrane. Transferred membrane was analysed by colloidal gold staining. Elution using reducing reagent (DTT) clearly reduced non-specific binding compared to elution using SDS sample buffer. Also the elution of SA (13 kD) was reduced. (D) The same samples as in (C) were subjected to Western blotting for the indicated
Fig. 3 ␥-Secretase components were identified from LC-MS/MS analysis. Captured sample from rat brain in the absence of L-685,458 was analysed by LC-MS/MS. (A) Total ion chromatogram acquired from mass-to-charge ratio (m/z) 200 to m/z 1800. (B) Extracted ion chromatogram for m/z 1016.5 corresponding to the tryptic peptide AAVQELSGSILTSEDPEER from PS1 (red line), and for m/z 762.4 corresponding to the tryptic peptide LVQSQALPPSSLQR from nicastrin (blue line). (C) MS/MS spectrum of LVQSQALPPSSLQR and AAVQELSGSILTSEDPEER. The series of y-ions correspond to peptide fragments with an intact C-terminus (i.e. y7 ϭ PPSSLGR), while the b-ions correspond to peptide fragments with an intact N-terminus (i.e. b7 ϭ LVQSQAL).
Pulldown of ␥-secretase from microsomal membrane preparations from human brain
Microsomal membranes from human frontal cortex were prepared and extracted as described above, and the optimized conditions were used for pulldown of ␥-secretase. The recovery of the ␥-secretase components was similar as for rat, and the competition with L-685,458 was efficient (Fig. 6) . Thus, we conclude that the present approach is efficient and can be used for purification of ␥-secretase also from post-mortem human brain tissue. (Fig. 7) . In total, 174,000 MS/MS spectra were collected from four pulldown samples (two with and two without competing inhibitor). In order to process all these data and obtain a comprehensive presentation of the identified proteins, we used the SpectrumMill software, resulting in the unique identification (with a significant protein score Ͼ 12, which corresponds to a MASCOT score of around 40) of all of the known ␥-secretase components in the non-competed samples. Moreover, around 50 other proteins were identified and we are currently evaluating whether these are GSAPs, and if they affect A␤ production.
Identification of ␥-secretase components and associated proteins in microsomal membrane preparations from human brain
In order to increase the number of identified peptides, we fractionated the trypsinated samples by strong cation exchange (SCX) ZipTips (see materials and methods) prior to LC-MS/MS analysis. Furthermore, the LC-gradient was less steep and lasted for 4 hrs, © 2009 The Authors Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
giving a total run time of 16 hrs for each sample (4 fractions ϫ 4 hrs LC-MS/MS analysis)
As an example of the GSAP candidates that we found in human brain, six proteins that were uniquely found in both experiments, or unique in one experiment and with a ratio higher than three in the other, are presented in Table 1 . we subjected the MS/MS spectra to a SpectrumMill search where any residue was allowed in the C-terminus (not only lysine or arginine which terminates the peptides after tryptic cleavage). One of the identified PS1 fragments (MLVETAQERNETLFPALIYSST) ended at residue 291, which is threonine (Fig. 8) Using the present method we show that TMP21, a transmembrane protein involved in trafficking, is associated with ␥-secretase in rat brain. TMP21 has previously been reported to copurify with ␥-secretase in preparations from cell lines. In that study an antibody directed to PS1 was used for immunoprecipitation (IP) followed by separation by gel electrophoresis and identification by mass spectrometry [18] . Overexpression of TMP21 had no effect on A␤ production while suppression of TMP21 expression by small interfering RNAs led to increased A␤ production. Interestingly, the silencing had no effect on the generation of AICD or Notch intracellular domain, indicating that GSAPs may be involved in the regulation of ␥-secretase activity and selectivity of substrates. The direct association of TMP21 to ␥-secretase was later questioned, and it was suggested that the effect of TMP21 on A␤ resulted from altered APP trafficking [19] . On the other hand, we identified TMP21 as a GSAP in rat brain using the present method. A possible explanation to this discrepancy is that only a minor amount (Ͻ 0.2%) of the total amount of TMP21 was associated with ␥-secretase, and such low levels would not be detected by a less efficient assay. Another possibility is that there is a delicate balance in the TMP21/␥-secretase association that is altered by different conditions during sample preparation or varies between cell types as well as species. In our study, the lack of association in human brain may be due to the longer post-mortem time or the freeze-thaw process of the human brain material.
Another previously reported GSAP, the transmembrane glycoprotein CD147 co-purified with ␥-secretase in a multi-step chromatographic procedure, and the association was verified by co-IP [20] . Similarly to TMP21, silencing of CD147 by siRNA resulted in a decreased A␤ production, while overexpression did not alter the A␤ levels. A recent study suggests that CD147 influences the A␤ levels by stimulating matrix metalloproteases that degrade A␤ [21] . In line with the latter study, we did not find an association of CD147 with ␥-secretase. However, we cannot exclude the possible association of CD147 with an inactive complex since our affinity pulldown is dependent on the active site in ␥-secretase.
The synaptic protein syntaxin1 was previously found to be a PS associated protein [11] , but it has not been reported whether it interacts with free PS or with PS within the ␥-secretase complex. Here, we show that syntaxin1 is indeed part of an active ␥-secretase complex. This is of particular interest since synaptic degeneration is an early pathological hallmark in AD, and synaptic activity has been shown to increase the A␤ production [22] . Thus it is possible that synaptic proteins such as syntaxin1 regulate A␤ production by binding to ␥-secretase. Our experiments showed that clearly less than 1% of the total amount of all syntaxin1 was associated with ␥-secretase. However, the low degree of association is 
